This paper presents a control methodology that provides transparency and stability robustness in bilateral telemanipulation systems that include a significant time delay in the communication channels. The method utilizes an adaptive Smith predictor to compensate for the time delay, and incorporates a previously published loop shaping approach to design a compensator for transparency and stability robustness of the loop. The method is experimentally demonstrated on a single degree-of-freedom telemanipulation system, and is shown to effectively provide stability and performance robustness.
1
Introduction A bilateral telemanipulator enables human interaction with environments that are remote, hazardous, or otherwise inaccessible to direct human contact. The performance of such a system is often characterized by its ability to present the undistorted dynamics of the environment to the human operator, a characteristic termed "transparency." A common goal of bilateral telemanipulation is to maintain transparent behavior and overall loop stability in the presence of changes in the dynamics of both the environment and the human operator. Time delay is often encountered in the communication channels of a teleoperation system, particularly when the slave manipulator is remotely located from the master. The introduction of such time delay can have deleterious effects on the teleoperation system, and in particular with respect to the stability of the human/telemanipulator/environment loop.
2
Prior Work Several researchers have focused on the issue of time delay in bilateral telemanipulation [see, for example, [1] [2] [3] [4] [5] . These prior works all adopt notions of passivity in order to ensure stability in the presence of a fixed or variable time delay. Rather than incorporate notions of passivity for purposes of ensuring stability, Fite et al. [6] proposed a methodology for the control of a bilateral Fite et al. Loop Shaping for Transparency …telemanipulator that utilizes a frequency-domain (as opposed to passivity) approach to address both the performance and stability robustness of the human/telemanipulator/environment loop. Though that work primarily treated teleoperation in the absence of time-delay, a compensator for attaining stability in the presence of time delay was also suggested by the authors. The proposed time delay compensator, however, was developed in error, and would in fact result in an unstable closed loop in the stated example. The present work, which is in part a correction to [6] , proposes a compensator that does provide effective stabilization of a time-delayed system in the context of the loop shaping approach.
Bilateral Telemanipulation with Time Delay 3.1
Loop-Shaping Architecture Figure 1 depicts the general notion of two-channel bilateral telemanipulation, in which a human operator interacts with a force-controlled master manipulator, which is in turn coupled to a position-controlled slave manipulator interacting with an environment. The two subsystems are coupled through scaled motion and force communication channels, where C 1 and C 2 represent the motion and force scaling gains, respectively, and the e -Ts operators represent the time delay present in each communication channel. The motion command from the master/human subsystem, X h , is the combined effect of human voluntary motion and the "feedthrough" motion from the teleoperator loop. The latter results from a commanded motion X h that is filtered by the slave/environment dynamics and in turn generates a force at the master, F h , which in turn acts upon the human admittance and results in a component of the commanded motion. Noting that motion at the master/human interface can result either from a human voluntary motion input vector (X hv ) or the teleoperation feedthrough force vector (F h ), the human arm dynamics can be written as:
(1) where X h is the motion of the human hand, X hv is the voluntary input command of the human operator (e.g., a neural command), F h is the force commanded to the master manipulator by the teleoperation loop, and the transfer functions G hv and G m describe the dynamic relationships between the voluntary input command and the master manipulator force, respectively, and the resulting motion at the master/human interface.
The dynamics of the slave/environment interaction are represented by the block diagrams of Figs. 2a and 2b. In the figures, Z e , Y s , and C s represent the environment impedance, slave manipulator admittance and position controller, respectively, and s G represents the closed-loop slave transfer function, which is clearly a function of the environment impedance. As depicted in the figures, the position-controlled slave manipulator is dependent upon the dynamics of the environment. In order to alleviate the closed-loop slave manipulator's dependence upon the environment, the slave controller includes local feedback of the interaction force occurring at the environment interface, as shown in Fig. 2c . The resulting closed-loop slave dynamics G s are rendered independent of the environment impedance, as shown in Fig. 2d .
Given the master/human and slave/environment dynamics as described, the loop shaping telemanipulation architecture is obtained by combining the master/human and slave/environment subsystems with the position and force scaling matrices, C 1 and C 2 , respectively, as shown in Fig. 3 . The stability of the teleoperation loop is governed by the characteristics of the open-loop response given by:
2) The transparency of the multivariable teleoperation loop is determined by the relative distortion between the transmitted impedance (i.e., the impedance felt by the human operator) and the actual environment impedance, the ratio of which is given by
which should have a magnitude of unity and phase of zero within some desired bandwidth of operation. Thus the stability of the teleoperative system is determined by the shape of G , while the transparency of the system is determined by the shape of G t . The shapes of both responses can be modified with the introduction of a loop shaping a loop shaping compensator, G c , in the position communication channel (i.e., the C 1 scaling block becomes a C 1 G c loop shaping block), such that the stability and transparency of the modified system are given respectively by
and
Since the stability robustness can typically be addressed via the phase characteristics of G c and the transparency can generally be addressed with the magnitude characteristics, an appropriately designed compensator can be utilized to modify both Eqs. (4) and (5) to provide desirable characteristics. A candidate compensator that provides reasonable flexibility for purposes of loop shaping is a lead-lag compensator of the form: (6) where the parameters k c , N, α i , and τ i are utilized to shape the compensator in the frequency domain.
Communication Channel Time Delay
In the case that a time delay T is present in the communication channels, the stability of the loop is determined by: 
The approach originally proposed by Fite et al. [6] for time delay compensation involved the use of a low order Padé approximation of e 2Ts as a supplement to the compensator, G c . This approach, however, produced an unstable closed loop. Rather than utilize the unstable inverse Padé approximation, one could alternatively utilize the transfer function proposed by Huang et al. [7] , which provides a stable approximation to the inverse time delay given by:
where k and τ are parameters defining a first-order filter. While this approximation is stable (depending upon k, τ, and T) and effective at approximating the inverse of time delay at low frequencies, it unfortunately introduces high-frequency gain that causes unwanted effects on the 
Smith Predictor for Time Delay Compensation
The method proposed by Smith [8] to compensate for the adverse effects of time delay on the stability of feedback systems utilizes a model-based prediction to effectively cancel the effects of time delay on the characteristic equation of the closed-loop system. Munir and Book [5] utilize such a predictor, in combination with a Kalman filter, to achieve enhanced performance in a wave-based teleoperation system. The form of a Smith predictor in the context of the teleoperator loop described in Fig. 3 where Ĝ s represents the model of the closed-loop slave dynamics and represents the model of the environment impedance. Figure 4 depicts the bilateral teleoperation architecture with the predictor explicitly shown. In the ideal case (i.e., when the models of the slave and environment correspond to the actual slave and environment dynamics), the effects of time delay on both the stability and transparency of the teleoperation loop would be removed. As the models for the slave and environment deviate from the actual dynamics, the presence of time delay arises in both the closed-loop characteristic equation and the transparency transfer function. Palmor [9] derived a condition for guaranteed stability margins with respect to changes between the modeled and actual time-delayed systems. This condition, however, effectively requires a constraint on the closed-loop gain that precludes any significant bandwidth of transparency. where, without loss of generality, the scaling gains are assumed unity, and the closed-loop transfer function governing the predictor dynamics is given by:
Including the effects of the predictor on the impedance transmitted to the human operator, the transparency transfer function is given by: 
To the extent that models for the dynamics of the slave and environment differ from that of the actual slave and environment, the transparency transfer function will depend upon the time delay present in the communication channels. While the dynamics of the position-controlled slave manipulator are unlikely to change, the environment impedance will in general vary. As such, the transparency of the loop will in general be maintained only for small deviations of the actual environment away from the model. 
3.4
Environment Model Adaptation Adaptive control techniques can be applied to the teleoperation loop in order to adapt the model of the environment in the Smith predictor to the actual environment dynamics. In such a scheme, the measured motion of the coupled slave/environment (i.e., the input to the environment impedance) is used to compute the predicted interaction force. Comparison of the predicted and actual output forces of the environment impedance yields an error used to adjust the parameters of the environment model. Provided that the form of the environment model is an adequate representation of the true impedance, such an adaptation method should prove effective in tuning the parameters of the model. Slotine and Li [10] provide a detailed explanation of the important concepts of model-based adaptation. Fig. 5 depicts the bilateral teleoperation system with inclusion of a general adaptive Smith predictor. For an environment characterized by a pure stiffness, the actual impedance is given by:
and the modeled impedance:
The adaptation law for the modeled stiffness parameter is then given by:
This fundamental approach can be extended to more general environments with little difficulty. For the purposes of this paper, the environment impedance used in the experimental demonstration is a pure stiffness for which the above adaptation law is directly applicable. Fig. 6 depicts the block diagram for the adaptive Smith predictor for the environment of pure stiffness.
4
Experimental Teleoperation with Time Delay To verify the proposed time-delay compensation, the Smith predictor with model adaptation was experimentally implemented on a single degree-of-freedom telemanipulation system. Both master and slave consisted of a DC brushed servomotor (PMI N12M4T) and a rotary potentiometer (Midori CPP-45B) for rotor position measurement. The rotational motion of the motor was transformed to linear motion via rack and pinion. A rotational inertia was additionally mounted to each servomotor to represent the inertia of a typical manipulator. The master manipulator incorporated a handle mounted on the end of a cantilever beam coupled to the translating rack to provide an interface with the human operator. Strain gages mounted on the cantilever measured the interaction forces occurring between the human operator and the manipulator. The slave manipulator incorporated a cantilever beam that connected its endpoint to a pair of springs supported by a shaft mounted parallel to the linear motion. The springs imposed a bi-directional stiffness in series with the slave motion, and so provide a representative interactive environment with which to assess the teleoperative stability and performance. Similar to the master, the slave incorporated strain gages on the cantilever beam to measure the interaction forces between the slave and environment. Each manipulator was capable of exerting a maximum continuous force of approximately 45 N through a workspace of approximately ±5 cm. The slave and master manipulators are pictured in Fig. 7 . The control architecture was The transparency of this system was assessed by measuring the experimental frequency response of the transparency transfer function. Specifically, the human operator excited the closed-loop system with a semi-random excitation. Measurements of the motion, and resulting imposed force, occurring at the interface between the master and human operator were made over a 30 second time interval. The experimental frequency response was obtained from the measured data using the expression:
where Φ VF (jω) is the cross-power spectral density between the motion input and the force output, and Φ VV (jω) is the power spectral density of the motion input. The transparency transfer function was then obtained by dividing the experimental measure of the transmitted impedance by the actual environment impedance.
The stability margins were experimentally obtained by breaking the loop at the motion command to the slave and introducing sinusoidal excitation to measure the open-loop (timebased) response of the system. The gain margin of the loop was determined by measuring the sinusoidal magnitude of the loop transfer function for excitation at the frequency where the output human motion lagged the input by 180˚. The phase margin was found by measuring the amount of lag between the input and output for excitation at the frequency for which the sinusoidal magnitude of the output equals that of the input.
Implementation of the (adaptive) Smith predictor requires models for both the closedloop position-controlled slave manipulator and the environment. The nominal slave dynamics consist of an inertia that models the linear transformation of the rotary inertia coupled to the rotor and a damping term to represent the viscous damping in the bearings and brushes of the motor. The admittance of the slave manipulator is therefore given by: begins with an initial value of zero for the modeled stiffness and quickly converges to the correct value (i.e., no parameterization of the environment was required).
A proportional force controller was implemented on the master manipulator. Similar to the slave, the nominal master dynamics consist of an inertia and viscous damping. Though not used in the control architecture, the parameters of the master are given by m m = 12.25 kg and b m = 100 Ns/m. The compensator used to control the force occurring at the interface between the master manipulator and human operator is given by: 
4.1
Time Delay A time delay of T = 0.05 seconds was imposed on each communication channel between master and slave. Note that since two communication links exist in the control loop, the time delay for purposes of the closed loop is 2T, or in this case 0.1 seconds. With this time delay, the previously described telemanipulation system with the compensator of Eqs. (6) and (22) was quite unstable, with measured gain and phase margins of -9.5 dB and -54˚, respectively. Due to the instability, the transparency for the uncompensated system could not be experimentally measured.
4.2
Transparency and Stability Robustness with Smith Predictor Inclusion of the Smith predictor as shown in Fig. 4 robustly stabilized the teleoperation system in the presence of the time delay, providing measured gain and phase margins of 11 dB and 29˚, respectively. For the (design) environment of 750 N/m, the architecture provides a transparency bandwidth of approximately 3 Hz, which is the same as the architecture without time delay and Smith predictor. This transparency, however, is not particularly robust to variations in the environment dynamics. Figure 8 shows the teleoperative transparency for environment stiffnesses ranging from 75 N/m to 1275 N/m. These varying stiffnesses were implemented by changing the springs attached to the output of the slave manipulator. Provided that the actual environment stiffness remained larger than 500 N/m, the transparency of the loop with the Smith predictor remained around 3 Hz. As the stiffness of the environment fell below 500 N/m, the transmitted impedance became considerably amplified, and the transparency suffered. The lack of transparency robustness in the presence of environment variation results from the presence of the environment in the model for the Smith predictor, as indicated by Eq. (13).
4.3
Transparency Robustness with Adaptive Smith Predictor Due to the lack of transparency robustness achieved using the nominal Smith predictor, the previously described adaptation scheme was implemented in the control architecture, as depicted Finally, as an anecdotal note, the authors were able to stabilize loop time delays as high as one second in the previously described experimental setup with the proposed adaptive Smith predictor approach (i.e., 0.5 seconds in each channel). It is assumed that at time delays greater than this, errors in the model (i.e., unstructured uncertainty) rendered the predictor ineffective.
5
Conclusion An adaptive Smith predictor was introduced into a previously published loop shaping approach to telemanipulator control that provides robust compensation in the presence of time delay. The approach was shown to effectively provide robust stability, and additionally was shown to maintain a consistent transparency bandwidth independent of parametric variation in the environment. Finally, though presented in the context of linear single-degree-of-freedom systems, the methods presented are easily extended to any nonlinear, coupled, multi-degree-offreedom system with an environment that can be described by linear, decoupled dynamics. In such cases, impedance control methods can be applied to the master and slave manipulators such that the closed-loop behavior of each is linear and decoupled, thus enabling application of the proposed method separately on each axis of the telemanipulator system. 
